In X-irradiated Escherichia coli, most radiation-induced DNA single-strand breaks are repaired during a few minutes of postirradiation incubation (4, 11) . Studies of radiation-sensitive mutants have shown that cells mutated in poA (5, 11) and lig (3; Steinum and Seeberg, unpublished data) are defective in this process of rapid repair (type II repair; 12), whereas it is nornal in other mutants tested, including cells carrying recA, recB, recC, and lexA (12, 15) . Thus, only two enzymes, DNA polymerase I (EC 2.7.7.7) and DNA ligase (EC 6.5.1.2), have been shown to be involved in the fast repair process in vivo. The polymerase fills in any missing nucleotides, and its associated 5' --3'-exonuclease activity removes damage from the 5'-terminus of the break. The ligase subsequently restores the continuity of the broken strand. However, studies of break repair in vitro have indicated that the majority of X-ray-induced DNA single-strand breaks cannot be effectively repaired by the combination of DNA polymerase and DNA ligase alone (6) . It appears that an exonuclease activity is required to remove base or sugar damage, or both, present at the 3'-end of the breaks and produce proper primer sites for the polymerase (8) . E. coli exonuclease III (EC 3.1.4.1) can perform this reaction in vitro (8) , and it was of interest to investigate mutants deficient in this enzyme activity (xth) to see if this enzyme takes part in the repair of strand breaks in vivo.
Four different xth mutants of E. coli K-12 were investigated, BW2001 (13, 14) , BW2003 (13, 14) , NH5016 (7), and BW9101 (13) carrying xthAll, xthA13, xthA14, and A(pncA-xthA), respectively. BW9101 is a spontaneous pncA deletion mutant of strain KL16, whereas the others are N-methyl-N'-nitro-N-nitrosoguanidine-mutagenized derivatives of AB1157. In the experiment shown in Fig. 1 (Fig. 1) , showing that the same number of breaks was induced in both strains. By calculating the average molecular weight of the DNA (10), it was estimated that approximately 110 strand breaks were induced per genome by the irradiation dose used (7.0 krads). More than 60% of the breaks were repaired within 1 to 3 min of postirradiation incubation in wild-type cells, whereas no repair was observed in strain BW2001 (xthAll; Fig. 1 ). Breaks were repaired, however, in two other xth mutants, NH5016 (xthA14; Fig. 1 ) and BW9101 [A(pncA-xthA); data not shown], although not quite as quickly as in wild-type cells. After 3 min of incubation some breaks were also repaired in strain BW2001, but still less than in wild-type cells. It seems that strain BW2001 has a major defect in repair of X-ray-induced DNA singlestrand breaks, whereas breaks are repaired almost at a normal rate in strains NH5016 and BW9101. The defect observed in strain BW2001 cannot solely be ascribed to the exonuclease III deficiency because this mutant does not appear to have less residual enzyme activity than, for instance, BW9101, which carries a deletion of part or all of the xth gene (13) . The fourth xth mutant investigated, BW2003 (xthA13), repaired radiation-induced strand breaks at a nor- (14) , and the wild-type response of this strain can therefore be explained by the high residual levels of exonuclease III activity present in this particular mutant.
In an attempt to characterize the repair defect in BW2001 further, X-ray-induced repair synthesis was measured in cells made permeable by plasmolysis (Fig. 2) . In permeabilized celLs, semiconservative replication is negligible when ATP is omitted from the suspending buffer (9) . Repair synthesis can therefore be measured directly as incorporation of radioactively labeled deoxyribonucleotides in the absence of ATP. When cells are X-rayed and perneabilized, extensive repair NOTES 1425 synthesis is observed (1; Fig. 2 ). This synthesis is DNA polymerase I dependent and can be increased by adding the ligase inhibitor nicotinamide mononucleotide to the reaction mixture (1, 2). The effect of nicotinamide mononucleotide is to permit extensive nick translation catalyzed by the polymerase under conditions where ligase is inhibited (2) . When comparing X-ray-induced repair synthesis in BW2001 and the wild type, it appears that within the first 10 min of postirradiation incubation, incorporation in strain BW2001 is not much above the background observed in unirradiated cells or in Xirradiated poU mutated cells (Fig. 2) . After DNase I (EC 3.1.4.5). This enzyme produces 3'-OH termini suitable as primers for the polymerase. Repair synthesis proceeds at the same rate in the mutant and wild-type cells after DNase I treatment, suggesting that the mutant has normal DNA polymerase I and therefore is defective in the production of initiation sites for the polymerase (Fig. 3) . It is concluded that exonuclease III deficiency in itself does not result in reduced capacity for rapid repair of radiation-induced single-strand breaks. Such breaks are effectively repaired in most of the xth mutants tested, including the deletion mutant, which is assumed to be devoid of exonuclease III activity (13) . However, the small delay in repair observed in strains NH5016 and BW9101 suggests that exonuclease III might be involved to some extent but that other exonucleases in the cell can replace exonuclease III in repair.
Strain BW2001 appears atypical among the xth mutants. In contrast to other xth mutants, it has a major defect in rapid repair and is also somewhat sensitive to ionizing irradiation (7, 14; I. 0fsteng and E. Seeberg, unpublished data). It is possible that these effects are caused by the particular xth mutation present in strain BW2001. The repair defect seems to be associated with an inability to initiate repair synthesis at the breaks, and this is consistent with a defective exonuclease priming of 3'-ends. One might speculate that the defective xth gene product in BW2001 binds tightly to the break but is unable to cleave phosphodiester bonds 12 and thus physically protects the break from attack by other exonucleases in the cell. However, it is also possible that the repair defect in BW2001 is caused by a second mutation, independent ofxth, which may have been introduced during isolation of this mutant. Strain BW2001 is derived directly from AB1157 by treatment with N-methyl-N-nitro-N'-nitrosoguanidine, which is a strong mutagen that often induces multiple mutations.
Irrespective of the mutation responsible for the repair deficiency observed in strain BW2001, this mutant appears to be different from the other mutants deficient in rapid repair previously described. It is distinct from polA mutant strains in its ability to carry out repair synthesis from DNase I-induced single-strand breaks (Fig.  3) and from lig mutant strains in its defect in Xray-induced repair synthesis (Fig. 2) . lig mutants have normal repair synthesis capacity after Xrays (2) . Further characterization of the molecular nature of the repair deficiency in BW2001 should be useful in the elucidation of the in vivo mechanism for rapid repair of X-ray-induced DNA single-strand breaks.
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